-Whereas epidemiological data strongly link vitamin D (VD) deficiency to childhood asthma, the underlying molecular mechanisms remain unknown. Although VD is known to stimulate alveolar epithelial-mesenchymal interactions, promoting perinatal lung maturation, whether VD supplementation during this period protects against childhood asthma has not been demonstrated experimentally. Using an in vivo rat model, we determined the effects of perinatal VD deficiency on overall pulmonary function and the tracheal contraction as a functional marker of airway contractility. One month before pregnancy, rat dams were put on either a no cholecalciferol-added or a 250, 500, or 1,000 IU/kg cholecalciferol-added diet, which was continued throughout pregnancy and lactation. At postnatal day 21, offspring plasma 25(OH)D levels and pulmonary function (whole body plethysmography and tracheal contraction response to acetylcholine) were determined. 25(OH)D levels were lowest in the no cholecalciferol-supplemented group, increasing incrementally in response to cholecalciferol supplementation. Compared with the 250 and 500 IU/kg VD-supplemented groups, the no cholecalciferol-supplemented group demonstrated a significant increase in airway resistance following methacholine challenge. However, the cholecalciferol deficiency-mediated increase in tracheal contractility in the cholecalciferol-depleted group was only blocked by supplementation with 500 IU/kg cholecalciferol. Therefore, in addition to altering alveolar epithelial-mesenchymal signaling, perinatal VD deficiency also alters airway contractility, providing novel insights to asthma pathogenesis in perinatally VD-deficient offspring. Perinatal VD supplementation at 500 IU/kg appears to effectively block these effects of perinatal VD deficiency in the rat model used, providing a strong clinical rationale for effective perinatal VD supplementation for preventing childhood asthma. childhood asthma; lipofibroblast; epithelial-mesenchymal interactions; peroxisome proliferator-activated receptor-␥; Wnt signaling ASTHMA IS A COMMON DISORDER, affecting an estimated 300 million individuals worldwide, and it contributes a significant social and financial burden to the individuals and families affected (1, 37). Factors such as genetic predisposition, early allergen exposure, infections, diet, tobacco smoke exposure, pollution, and vitamin D (VD) status are all proposed to influence the development and/or severity of childhood asthma (8, 16, 31, 47, 49) . Currently, there is a great deal of interest in VD's role in childhood asthma since recent epidemiological and experimental animal and human data suggest that dihydroxycholecalciferol [1␣,25(OH) 2 D 3 ] (1,25D), a physiological hormone, is a paracrine factor that modulates fetal lung maturation, airway smooth muscle cell proliferation, and differentiation (4, 23-25, 34, 39, 40, 45, 52) and that perinatal VD deficiency is associated with childhood asthma (28).
. Currently, there is a great deal of interest in VD's role in childhood asthma since recent epidemiological and experimental animal and human data suggest that dihydroxycholecalciferol [1␣,25(OH) 2 D 3 ] (1,25D), a physiological hormone, is a paracrine factor that modulates fetal lung maturation, airway smooth muscle cell proliferation, and differentiation (4, 23-25, 34, 39, 40, 45, 52) and that perinatal VD deficiency is associated with childhood asthma (28) .
VD comes from two sources: skin exposure to ultraviolet B (UVB) rays and dietary intake. Dietary sources include fish oil, fish, liver, egg yolk, and dietary supplements (23, 52) . Because very few foods contain VD, sunlight exposure is the primary determinant of VD status in humans. VD synthesis is initiated in the skin by solar UVB radiation (wavelength 290 -315 nm), activating the precursor 7-dehydrocholesterol, which then circulates in the bloodstream to the liver, where it is converted to its main metabolite, 25(OH)D, which has blood levels about 1,000 times higher than the active metabolite, 1,25D. Until recently, it was thought that the conversion to 1,25D occurred only in the kidneys, but increasing evidence indicates that the cells of most organs express the VD receptor (VDR) and the capacity to synthesize 1,25D locally (23) . This synthesis of 1,25D is dependent on serum 25(OH)D levels, the primary circulating form of VD (23) . Although multiple studies have suggested that perinatal VD deficiency is associated with childhood asthma and some studies also suggested a role for VD in preventing and treating childhood asthma (28) , the molecular mechanisms involved and how perinatal VD deficiency might predispose to childhood asthma and increased airway smooth muscle proliferation and differentiation have not been systematically investigated. Using a rat model, we have recently demonstrated VD's effects on alveolar epithelialmesenchymal interactions that are known to be involved in perinatal lung maturation. In particular, VD was demonstrated to modulate alveolar type II (ATII) cell and lipofibroblast proliferation and differentiation, two critical steps in alveolar maturation (48) . While VD promotes alveolar epithelial-mesenchymal interactions spatiotemporally, accelerating alveolar maturation and improving lung function, whether perinatal VD supplementation blocks asthma development in offspring has not been shown experimentally.
Here, using a rat model of VD deficiency during pregnancy and lactation (33) , we tested the hypothesis that perinatal VD deficiency alters homeostatic signaling in the developing lung, resulting in altered lung structural and functional changes, characterized by an enhanced myogenic phenotype of both the proximal and distal airways, i.e., an asthma phenotype in the offspring. We further hypothesized that optimal VD supple-mentation during pregnancy and lactation blocks the development of the asthma phenotype in offspring.
MATERIALS AND METHODS
Animal protocol and lung tissue harvesting. Sprague-Dawley rat dams (30 days old) were obtained from Charles River (Holister, CA), kept in a dark room, and were divided into four different dietary groups: no cholecalciferol added to rat chow (VD-deficient group; catalog no. 1811505) and 250 IU/kg cholecalciferol (catalog no. 1814547)-, 500 IU/kg cholecalciferol (catalog no. 1814548)-, and 1,000 IU/kg cholecalciferol (catalog no. 1814549)-supplemented groups. Rat diets were obtained from TestDiet (Richmond, IN). All diets contained 4.5 g/kg calcium. Animals were allowed food and water intake ad libitum. Diets were started 4 wk before mating. When the rat dams were 60 days old, they were mated with young adult males on a normal rat chow diet. The assigned dietary regimens were continued throughout pregnancy and lactation until death on postnatal day (PND) 21. At death, blood, lungs, and trachea were collected for further analysis. All animal studies were performed in accordance with the National Institutes of Health guidelines and approved by the Los Angeles Biomedical Research Institute's Institutional Animal Care and Use Committee (protocol no. 14033).
Serum 25(OH)D, alkaline phosphatase, and calcium levels. Serum samples were kept frozen at Ϫ70°C until analysis, when samples were initially moved to Ϫ25°C for 6 h and then thawed at 4°C until complete dissolution was achieved. 25(OH)D levels were measured by the electrochemiluminescence technique using a Roche Modular Analytics E170 immunoassay analyzer (Roche Diagnostics, Indianapolis, IN). Serum alkaline phosphatase and calcium levels were measured using a Roche Cobas 8000 Autoanalyzer Spektrofortometrik (Roche Diagnostics).
Lung morphology. An investigator unaware of the treatment groups performed lung morphometry, assessed objectively by determining radial alveolar counts and mean linear intercepts. For radial alveolar count determination, 50 randomly selected nonoverlapping fields from sections obtained from similar regions of each lung from each treatment group were examined (12 blocks/condition, and 2 blocks/ animal). Each field was viewed at 200-fold magnification, scanned with a digital camera, and projected on a video monitor. For each field, the number of alveoli was counted visually and expressed per square millimeter. The mean linear intercept was determined as described previously using the intersection counting method (28) .
Choline incorporation in saturated phosphatidylcholine assay. [ 3 H]choline (NEN Dupont, Boston, MA) incorporation into saturated phosphatidylcholine, which is the major surface-active lipid component of surfactant responsible for maintaining the stability of the alveoli, was determined in cultured explants as previously described (46) .
Triglyceride uptake assay. Triolein uptake, a key marker of alveolar lipofibroblast function, was used to quantitate triglyceride uptake by fetal rat lung explants using a previously described method (46) . Briefly, culture medium was replaced with DMEM containing 20% adult rat serum mixed with [ 3 H]triolein (5 Ci/ml). The explants were incubated at 37°C in 5% CO2-air balance for 4 h. At the termination of the incubation, the medium was decanted, the explants were rinsed two times with 1 ml of ice-cold PBS, and the tissue was thoroughly homogenized. An aliquot of the tissue homogenate was taken for protein assay, and the remaining tissue homogenate was extracted to determine its neutral lipid content.
Immunoblot analysis. The isolated lungs were flash-frozen in liquid nitrogen and then homogenized and sonicated in four volumes of ice-cold lysis buffer containing 50 mM ␤-glycerophosphate (pH 7.4), 150 mM NaCl, 1.5 mM EGTA, 1 mM EDTA, 1% Triton X-100, 100 mM NaF, 2 mM Na 3VO4, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 g/ml leupeptin, 10 g/ml aprotinin, and 2 g/ml pepstatin A. After centrifugation at 13,200 g for 15 min at 4°C, the supernatant was used for Western blot analysis for fibronectin, calponin, peroxisome proliferator-activated receptor (PPAR) ␥, CCAAT/enhancer binding proein (C/EBP) ␣, and surfactant protein C (SP-C). The total protein concentration of the supernatant was measured by the Bradford method, using bovine serum albumin as the protein standard. Aliquots of the supernatant, each containing 30 g of protein, were separated by SDS-PAGE and transferred to nitrocellulose membranes. Nonspecific binding sites were blocked with Tris-buffered saline (TBS) containing 5% nonfat dry powdered milk (wt/vol) for 1 h at room temperature. After a brief rinse with TBS containing 0.1% Tween 20 (TBST), the protein blots were incubated in 1:250 diluted anti-fibronectin polyclonal antibody (sc-9068; Santa Cruz), 1:350 diluted anti-PPAR␥ polyclonal antibody (sc-7196; Santa Cruz), 1:3,000 diluted anti-calponin monoclonal antibody (Sigma-Aldrich, St. Louis, MO), 1:200 diluted anti-C/EBP␣ polyclonal antibody (sc-61; Santa Cruz), 1:350 diluted anti-SP-C polyclonal antibody (sc-13979; Santa Cruz), and 1:10,000 diluted anti-GAPDH monoclonal antibody (MAB-374; Millipore) overnight at 4°C. After three more washes in TBST, the blots were exposed to X-ray film using SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL) and developed. The relative densities of the protein bands were determined with UN-SCAN-IT software (Silk Scientific, Orem, Utah) and normalized to that of GAPDH.
Immunofluorescence staining. For tissue immunofluorescence staining for the relevant proteins, rat lungs were inflated in situ with 4% paraformaldehyde in phosphate buffer at a standard inflation pressure of 20 cmH2O for 4 h at 4°C. The lungs were subsequently transferred to PBS containing 30% sucrose (wt/vol) until equilibrated in the cold (4°C). After fixation, 5-m paraffin sections were treated three times with Histo-Clear (National Diagnostics, Atlanta, GA) for 5 min and then rehydrated by a sequential ethanol wash. Sections were then washed two times for 10 min with PBS and blocked for 1 h in PBS-5% normal goat serum-0.2% Triton X-100. Sections were incubated with primary antibodies for 1 h at room temperature and then with the appropriate secondary antibody for 1 h, also at room tem- Pulmonary function test. Pulmonary function tests (PFTs) were determined using whole body plethysmography by our previously described method (32, 42, 43) . Briefly, plethysmography for restrained animals with the rat in the supine position was used. Dynamic compliance and resistance of the respiratory tract were concurrently calculated on sedated, tracheotomized, and ventilated rats at baseline and immediately following serial 3-min nebulizations of saline vehicle or methacholine (MCh, 0.5 and 2.0 mg/ml), with 3-min recovery periods allowed after each exposure to MCh, as previously described. The pups were deeply anesthetized and sedated with medetomidine (0.5 mg/kg, Domitor; Orion Pharma) and tiletamine-zolazepam (50 mg/kg, Telazol; Fort Dodge Laboratories, Overland Park, KS) and then ventilated at 7-8 ml/kg with a small animal ventilator (MiniVent;
Harvard Apparatus, Cambridge, MA) for the duration of the procedure.
Tracheal tension studies. The trachea was excised en bloc following death and freed of connective tissue in ice-cold modified KrebsRinger bicarbonate buffer (in mM: 118.3 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 MgSO4, 1.2 KH2PO4, 25.0 NaHCO3, and 11.1 glucose). Next, a roughly 6-mm ring was resected from the middle of the trachea and used for this procedure. The tracheal ring was suspended in an organ bath in 10 ml of modified Krebs-Ringer bicarbonate solution kept at 37 Ϯ 0.5°C and aerated with 95% O 2-5% CO2 (pH 7.4). The rings were suspended via two stirrups that were passed through the lumen, where one stirrup was anchored to the bottom of the organ bath while the other stirrup was connected to a strain gauge (model FT03C; Grass Instrument, Quincy, MA) to measure isometric force, as described previously (30, 40, 41) .
Real-time-PCR. RNA extraction from PND21 lung tissue and q-RT-PCR were performed according to previously described methods (44) . RT-PCR primers used included: fibronectin, forward 5=-AGCACAC-CCGTTTTCATCCA-3= and reverse 5=-TTTCACGTCGGTCACTT-CCA-3= (102 bp); vimentin, forward 5=-CGGACAGGTGATCAAT-GAGACTT-3= and reverse 5=-ATCTTGCGCTCCTGAAAACTG-3= (162 bp); ␤-catenin, forward 5=-CCGTTCGCCTTCATTATGGA-3= and reverse 5=-GGGCAAGGTTTCGGATCAAT-3= (105 bp); tropoelastin, forward 5=-AGAAGCCTCGACATTAGATTTGGT-3= and reverse 5=-GGAGCTATTCCCAGTGTGAGAAGT-3= (139 bp); elastin, forward 5=-ACCTGGGTTTGGACTTTCTCCTA-3= and reverse 5=-GGGTC-CCCAGAAGATCACTTTC-3= (171 bp); glycogen synthase kinase (GSK)-3␤, forward 5=-GAGCCACCGATTACACGTCTAGT-3= and reverse 5=-CAGGAAATATTGGTTGTCCTAGCA-3= (87 bp); and 18S, forward 5=-GGACAGGATTGACAGATTGATAGC-3= and reverse 5=-TGGTTATCGGAATTAACCAGACAA-3=. 18S ribosomal RNA expression was used as the normalizing control. Data were analyzed using a fluorescence threshold level that was in the linear range of the RT-PCR reaction. The C T value for the 18S ribosomal RNA was subtracted from the CT value for the gene of interest to obtain a delta CT value (⌬CT). The relative fold change for each gene was calculated using the ⌬⌬CT method. Results were expressed as means Ϯ SE and considered statistically significant at P Ͻ 0.05.
Statistics. Experimental data were analyzed using two-way ANOVA and, as indicated, followed by Tukey's post hoc test. A P value of Ͻ0.05 was considered to indicate statistically significant differences between the experimental groups. Results are expressed as means Ϯ SE. A minimum of 4 animals/group taken from 4 separate litters were used for data analysis. Because of a relatively small sample size (4 -8 animals in each group for most parameters), the data were analyzed as combined gender data without comparing males with females.
RESULTS
Initially, we determined the effect of VD supplementation on the circulating levels of 25(OH)D in various experimental groups (Fig. 1) . 25(OH)D levels were lowest in the no cholecalciferol-supplemented, i.e., VD-deficient group, followed by a dose-dependent increase in the circulating levels of 25(OH)D, with the levels corresponding to the dietary intake of supplemental cholecalciferol (Fig. 1A) . The amounts of serum calcium (Fig.  1B) were unaffected by either VD deficiency or by the supplemented cholecalciferol levels. Similarly, the levels of alkaline phosphatase (Fig. 1C) were unaffected by either VD deficiency or supplementation, with the exception of the 1,000 IU/kg cholecalciferol-supplemented group in which there was a significant decrease (P Ͻ 0.05 vs. VD-deficient and 250 and 500 IU/kg cholecalciferol-supplemented groups). Morphometrically, compared with the cholecalciferol-supplemented groups, in the VD-deficient group, the radial alveolar count was significantly decreased, and the mean linear intercept was significantly increased (P Ͻ 0.05, VD-deficient vs. VD-supplemented groups, Fig. 2) .
Assessing triglyceride uptake and de novo surfactant phospholipid synthesis, based on choline incorporation into saturated phosphatidylcholine, indicated that VD deficiency significantly inhibited both of these parameters (Fig. 3 , P Ͻ 0.05, VD-deficient vs. VD-supplemented groups for both). Dietary cholecalciferol supplementation dose-dependently increased both triolein uptake and choline incorporation into saturated phosphatidylcholine. Examining the effects of VD supplementation on the mesenchymal lipogenic markers for alveolar differentiation (Fig. 4) , PPAR␥ and C/EBP␣ protein levels on both PND1 (A) and PND21 (B) were lowest in the VDdeficient animals, increasing in the 500 and 250 IU/kg cholecalciferol-supplemented groups, respectively, with no significant effect at 1,000 IU/kg cholecalciferol supplementation. In contrast, on PND21, the myogenic mesenchymal markers fibronectin and calponin protein levels were highest in the lungs of the VD-deficient animals and were significantly inhibited by cholecalciferol supplementation in the 250, 500, and 1,000 IU/kg cholecalciferol-supplemented groups (Fig. 4C) . Decrease in lipofibroblastic differentiation (PPAR␥) and increase in myogenic differentiation (␣-SMA, fibronectin, and vimentin) in the VD-deficient group, compared with the 500 IU/kg cholecalciferol-supplemented group, was also confirmed by immunostaining of lung sections from these conditions (Fig.  5) . With respect to alveolar epithelial markers of differentiation (Fig. 6) , SP-C was lowest in the VD-deficient group, showing elevated levels across all of the VD-supplemented animals (Fig. 6A) . Lower SP-C, along with the lower lamellar body (p180) staining in the VD-deficient group, was also confirmed by immunostaining ( Fig. 6B , P Ͻ 0.05 vs. 500 IU/kg cholecalciferol-supplemented group). We then examined the effects of VD deficiency and supplementation on pulmonary function (Fig. 7) . On methacholine challenge, compared with the 250 and 500 IU/kg cholecalciferol-supplemented groups, total pulmonary resistance was significantly (P Ͻ 0.05 for both) higher in the 0 and 1,000 IU/kg Fig. 3 . Effect of perinatal VD deficiency on surfactant phospholipid synthesis. Triglyceride uptake and de novo surfactant phospholipid synthesis by lung explants, based on triolein uptake and choline incorporation in saturated phosphatidylcholine, respectively, indicated that VD deficiency significantly inhibited both of these parameters. Values are means Ϯ SE; n ϭ 6 for each group. *P Ͻ 0.05, VD-deficient vs. VD-supplemented groups for both. Dietary cholecalciferol supplementation increased both triolein uptake and choline incorporation into saturated phosphatidylcholine.
cholecalciferol-supplemented groups. However, total pulmonary compliance was not significantly different among all groups, either at baseline or on methacholine challenge. We then measured the tracheal contractility response to acetylcholine challenge (Fig. 8) , observing the highest contractility in VD-deficient and 1,000 IU/kg cholecalciferol-supplemented animals (vs. the 500 IU/kg cholecalciferol-supplemented group).
Finally, we focused on the effects of VD deficiency and supplementation on the tracheal expression of functional myogenic markers, such as fibronectin and vimentin, and key Wnt signaling intermediates, GSK3␤ and ␤-catenin (Fig. 9) . Com- pared with the 250 and 500 IU/kg cholecalciferol-supplemented groups, the expression of myogenic markers fibronectin and vimentin increased in the VD-deficient group, as was the case for the myogenic determinant Wnt signaling intermediates GSK3␤ and ␤-catenin. Although there were no significant differences in the expression of these markers between the 250 and 500 IU/kg cholecalciferol-supplemented groups, in general the 500 IU/kg cholecalciferol-supplemented group Methacholine (mg/ml) Cdyn (Arbitrary Unit) 0 VD 250 VD 500 VD 1000 VD A B Fig. 7 . Effect of perinatal VD deficiency on total respiratory system resistance (Rrs, A) and compliance (Cdyn, B) at baseline and following methacholine (MCh) challenge. Compared with the 250 and 500 IU/kg cholecalciferol-supplemented groups, with methacholine challenge, total pulmonary system resistance was significantly increased in the 0 and 1,000 IU/kg cholecalciferol-supplemented groups; however, there was no change in total pulmonary compliance, either at baseline or following MCh challenge. Values are means Ϯ SE; n ϭ 6 for each group. *P Ͻ 0.05.
demonstrated the lowest expression of these markers, with the 250 IU/kg cholecalciferol-supplemented group demonstrating levels in between the 0 and 500 IU/kg-supplemented groups.
DISCUSSION
Our study demonstrated that perinatal VD deficiency causes offspring lung molecular and structural alterations, likely explaining the associated lung asthma phenotype. The altered lung structure and function, reflected by alterations in alveolar and tracheal mesenchymal differentiation markers, functional markers of surfactant phospholipid synthesis, PFT, and tracheal contractility, were largely blocked by 250 and/or 500 IU/kg VD dietary supplementation. Of note, this is the first study demonstrating, experimentally, both proximal and distal airway molecular and functional alterations with perinatal VD deficiency concurrently and prevention of these alterations with VD supplementation dose dependently.
Significantly lower VD levels have been noted in asthmatic children compared with healthy controls (18) . Large crosssectional studies have also shown that low serum VD levels are associated with reduced lung function in adolescents (11) and adults (5) . A high frequency of VD insufficiency (35%) in 1,024 North American children with mild to moderate asthma has been reported (10). Moreover, a higher VD intake in pregnant women has been linked to reduced rates of wheezing and asthma in their offspring (13, 15, 17, 36) . In asthmatic subjects, increased VD predicts reduced rates of asthma exacerbations in those both on and off inhaled corticosteroids (9, 10, 50) . Coupled with these data, there is evidence for the rise in the incidence of VD insufficiency in women of child-bearing age (3, 38) , underscoring the significance of the effects of perinatal VD deficiency on the developing lung (51) .
Lung development begins in utero and continues through the first few years of life. Mammalian lung development occurs in five distinct anatomic phases: embryonic (4 -7 wk), pseudoglandular (7-17 wk), canalicular (17-26 wk) , saccular (27-36 wk) , and alveolar (36 wk-about 2 yr) (12) . At the end of fetal lung development, the alveolar epithelium undergoes abrupt differentiation as part of the preparation for gas exchange after birth. Fetal pulmonary maturation includes the differentiation of type II pneumocytes, with progressive disappearance of glycogen and the start of surfactant synthesis. Animal studies strongly suggest that VD plays a role in lung maturation during the saccular and alveolar stages of lung development, late in pregnancy, and support earlier observations such as the association of respiratory distress in VDdeficient preterm infants ("rachitic respiratory distress") (21, 41) . Decreased alveolar epithelial and lipofibroblastic differentiation, with the resultant decreased surfactant synthesis in VD-deficient animals on PND21, as observed by us, likely explains the respiratory distress seen in preterm VD-deficient infants. In fact, lower PPAR␥ and C/EBP␣ protein levels, two key lipofibroblastic differentiation markers vitally important for alveolar epithelial maturation, on PND1, suggest that the changes seen on PND21 are likely to be a sequela of the altered lung development started in utero.
There are ample rodent and human data suggesting VD's role in lung development. For example, rodent and human studies suggest the existence of a local alveolar VD autocrine/ paracrine system, as evidenced by the production of physiologically active 1,25D by alveolar fibroblasts, the presence of the VDR on the adjoining ATII cells, and the fact that VD has been shown to modulate ATII cell and fibroblast proliferation and differentiation (32, 37, 38, 46) . Determination of quasistatic pressure-volume curves of the respiratory system and of the lungs in 50-day-old rats, born to mothers deprived of dietary VD, demonstrated significantly decreased lung compliance but normal chest wall compliance, likely because of altered alveolar formation and lung mesenchyme development (20) . In line with our data, the offspring mice of the VDdeficient mothers have also been recently demonstrated to exhibit reduced lung volumes and borderline reduced numbers of alveoli (55) . Compared with the rat (43), in humans, the effect of VD on surfactant production appears to be rather complex since 1,25D decreased SP-A mRNA and protein levels in both fetal lung tissue and isolated ATII cells, whereas it increased SP-B mRNA and protein levels in ATII cells but had no effect on SP-C mRNA levels (41) . It is worth noting that over 3,000 genes, including many that are involved in lung development, have VD response elements (7). In fact, VDregulated genes are overrepresented in normal human and mouse developing lung transcriptomes (27) . Therefore, it is not surprising that a strong link between VD deficiency and asthma has been observed, and rachitic preterm infants exhibit respiratory distress, likely because of altered lung structure and function resulting from VD deficiency (21) . Despite extensive evidence for VD's role on lung development, the mechanism(s) underlying increased predisposition to asthma in VD deficiency remains unknown. Our study provides novel mechanistic insights in this regard. In addition to corroborating VD's previously described role in alveolar maturation, our study demonstrates its effect on proximal airway structural and functional maturation, e.g., VD deficiency led to increased protein levels of myogenic proteins in the proximal airway, possibly because of Wnt signaling activation, likely explaining the increased airway responsiveness in asthma. In line with these data, persistent expression of early markers of myogenic differentiation in VDR knockout mice (14) and inhibition of airway smooth muscle proliferation on activation of VDR have previously been reported (22) . However, it is important to point out that, in the present study, we used isolated tracheal ring contractility as a marker of airway reactivity rather than bronchi, which are more likely the site of airway contractility in asthma.
The optimal daily requirement for the purpose of lung maturation in neonates is not known. In fact, the normal VD levels for term and preterm infants are also not well-established; however, in older children and adolescents, currently 25(OH)D levels of Ն20 ng/ml (50 nmol/l) are considered sufficient, with levels between 15 and 20 ng/ml (37.5 and 50 nmol/l) being considered insufficient and levels of Յ15 ng/ml (37.5 nmol/l) being deficient (35) . To ensure VD sufficiency in term and preterm infants, the American Academy of Pediatrics recommends 400 IU/day for VD intake (53) . In the rat model used, although the optimal dose of VD dietary supplementation is not known, with 250 and 500 IU/kg cholecalciferol dietary supplementation to pregnant and lactating dams, serum 25(OH)D levels were 13 Ϯ 3 and 24 Ϯ 4 ng/ml, respectively. Although at these levels the lung structural, molecular, and functional effects of VD deficiency on the developing lung were largely prevented, it is difficult to translate these data from rats to humans. However, it is clear that the effects of VD supplementation were dose dependent, with 1,000 IU/kg VD supplementation largely exhibiting detrimental effects on the developing lung. Therefore, it will be interesting to study the impact of this change on human lung development, given the widespread evidence of VD deficiency in pregnant women (2) and the recent large body of evidence that perinatal VD deficiency may explain a significant portion of the recent asthma epidemic (29) . However, it should also be noted that some studies have suggested a detrimental effect of VD supplementation on the development of asthma and allergy (19, 26, 54) , suggesting a rather complex role of VD in the developing lung. The contradictory nature of these studies compared with our data may relate to the differences between the rodent model used by us and the human disease, or the critical differences between the dose, type, and timing of VD administration used in these studies. Although our data provide molecular insights to the possible benefits of VD supplementation during early development, results from the current ongoing intervention trials evaluating the effects of early life VD supplementation at a range of doses, in a range of populations and using a range of treatment schedules, are likely to provide more definitive answers in establishing the clinical significance of VD supplementation during development in preventing childhood asthma (13a, 30) .
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